Genetet S, Ripoche P, Picot J, Bigot S, Delaunay J, Armari-Alla C, Colin Y, Mouro-Chanteloup I. Human RhAG ammonia channel is impaired by the Phe65Ser mutation in overhydrated stomatocytic red cells.
stomatocytosis; overhydrated erythrocyte; ghost membrane; red blood cells; ammonium transport OVERHYDRATED HEREDITARY STOMATOCYTOSIS (OHSt), a dominantly inherited hemolytic anemia, was first described by Lock et al. (28) . Red blood cells (RBCs) exhibit abnormalities of morphology and volume regulation. OHSt belongs to a vast family of conditions characterized by an increase in the monovalent cation leak (7) . It is characterized by an alteration of the RBC permeability to monovalent cations. The influx of Na ϩ exceeds the loss of K ϩ causing water influx and resulting in swollen erythrocytes, hemolysis, and stomatocyte formation. The OHSt phenotype is also associated with a dramatic decrease or the absence of stomatin or protein 7.2b, which is likely generated by mistrafficking during erythroid differentiation, since in erythroid cell cultures from OHSt patients stomatin immunoreactivity was found in progenitor cells but remained restricted to the area of the multivesicular complexes and the nucleus in the developing cells and was not seen in the plasma membrane (20) . Recently, OHSt was found to be linked to amino acid substitutions in Rhassociated glycoprotein (RhAG), Phe65Ser (6 family cases), or Ile61Arg (1 case; Ref. 10 ). 1 RhAG together with Rh proteins, which carry the blood group antigens D and CE, form the core of the Rh complex, which includes glycophorin B, CD47, intercellular adhesion molecule-4 (LW), and AE1 (band 3; Refs. 1, 8, 13) . This complex indirectly interacts with the red cell skeleton by the CD47-4.2 protein interaction (9, 39) and directly through ankyrin R (41) . In Rh null erythrocytes, the absence or the severe reduction of RhAG and/or Rh expression results from mutations in the RHAG or the RH locus (13) . The Rh-deficiency syndrome is characterized by abnormalities of the red cell shape (stomato-spherocytosis) and deficiencies of the cation content (4) . RhAG function was first suggested by significant sequence similarity with the Mep/Amt family members of ammonium transporters (33) . Ammonium transport mediated by RhAG was then evidenced by complementation studies in yeast Saccharomyces cerivisiae mutants (32, 49) and by the uptake of an ammonium analog (methylammonium) in Xenopus laevis oocytes injected with RhAG cRNA (48) .
The identification of two RhAG homologues, RhBG and RhCG, expressed in various tissues (24) but restricted to cells involved in ammonium secretion, such as the connecting tubules and collecting ducts in the kidney (16, 43, 47) , was consistent with the role of these Rh proteins in transporting ammonium. This was confirmed by several functional experiments in different heterologous expression systems (3, 5, 31, 34, 40, 50, 51) . Recently, three-dimensional data on NeRh50 (27, 30) , the bacterial homologue of RhAG, and on the human RhCG (21) , based on high resolution X-ray structures, revealed the existence of trimeric structures in which each subunit carries a narrow hydrophobic pore connecting a periplasmic and a cytoplasmic vestibule, supporting the view that each monomer of these proteins acts as channels for NH 3 . Furthermore, functional reconstitution into liposomes of purified human RhCG ammonia channels strongly suggested that no protein partner is required to realize a complete ammonium transport (38) . As regards RhAG, to date, not enough purified human protein has been available to resolve a crystal structure and to obtain new insights into the activity of RhAG homotrimers or heterotrimers as NH 3 channels.
The development of a stopped-flow-based assay from red cell ghosts allowed, for the first time, the investigation of NH 3 transport across the RBC membrane. This assay is based on the detection of rapid variations of intracellular pH (pH i ), resulting from NH 3 influx or efflux that is rapidly followed by either an association of NH 3 with a proton or a dissociation of NH 4 ϩ into NH 3 and H ϩ , according to the pKa of ammonium (9.56 at 15°C). To follow pH i variations, ghosts are resealed in presence of pyranine, a fluorescent pH-sensitive dye (1-hydroxypyrene-3,6,8-trisulfonic acid), and submitted to ammonium gradients. Under these conditions, endogenously expressed RhAG, which is most likely integrated as a heterotrimer within the Rh complex (12, 21) , is analyzed. This method has been applied to erythrocytes carrying mutated forms of RhAG: kinetic rate constants of pH i changes of ghosts resealed in the presence of the fluorescent pH-sensitive probe and submitted to ammonium gradients were analyzed for Rh null ghosts that exhibited no expression (regulator type) or weak expression (amorph or mod type) of RhAG and compared with those measured on controls (44) . This study showed a decrease in the rate constant, which was directly correlated to the expression level of RhAG in the mutants, clearly confirming the role of RhAG in NH 3 transport across the red cell membrane and establishing that these mutations of RhAG did not result in a functional alteration of the NH 3 channel.
In the present study, stomatin and Rh complex expression levels were assessed by Western blot analysis and/or by flow cytometry analysis and the stopped-flow-based methodology was used to investigate NH 3 transport across the red cell membrane of four OHSt patients previously shown to carry the Phe65Ser mutation (10) . Ghosts exhibiting similar volumes and properties, as shown by similar water transport through their membranes, were used to test the impact of the Phe65Ser mutation on NH 3 transport across the membrane of RBCs. 19 ). These four patients carried the Phe65Ser mutation in the protein RhAG (10) . A fifth patient had an OHSt presentation but displayed, in addition, neurological defects and a resumption of the leak at low temperature (corresponding to the propositus in the Family D; Ref. 19) . In this patient, Flatt et al. (17) recently found the causal mutation to be in GLUT1, encoding the glucose transporter-1. They referred to his condition as "stomatindeficient cryohydrocytosis" (17 Fig. 1 ) were analyzed in the present study and compared with these of Rhnull or control RBCs.
MATERIALS AND METHODS

Blood
Antibodies. Mouse monoclonal antibodies anti-RhAG, anti-Rh, anti-CD47, anti-LW, anti-glycophorin A (GPA), human monoclonal antibodies anti-band 3 and rabbit polyclonal antibodies anti-AQP1, anti-7.2b, and anti-p55 are described in the Table 1 . Secondary antibodies used in Western blot analysis were peroxidase-labeled purified antibodies to rabbit and mouse IgG from P.A.R.I.S (Compiègne, France). Secondary antibodies used in flow cytometry analysis were FITC-conjugated F(ab')2 fragment of goat anti-mouse and goat anti-human immunoglobulins from Beckman Coulter (Villepinte, France).
Flow cytometry analysis and expression level quantification. Red cell membrane expression of Rh complex members was detected, as previously described (39) , with a FACSCanto II (BD Biosciences, San Jose, CA). Staining with anti-band 3, anti-GPA, anti-Rh, anti-CD47, anti-LW, and anti-RhAG antibodies (as primary antibodies) were repeated at least three times for each sample. Each time, expression level quantification was performed with the mouse monoclonal antibodies, using mouse-IgG coated calibration beads as standard (Qifikit, Dako, Denmark) according to the manufacturer's instructions. The results corresponding to specific antibody-binding-capacity units are directly proportional to the number of molecules bound per cell.
Ghost preparations and diameter measurements. For Western blot analysis, ghosts were prepared by hypotonic lysis, providing "white" ghosts (45) . For stopped-flow analysis, the preparation of "pink" ghosts was carried out by modifying previous protocols (35, 44) . All steps except resealing (37°C) were carried out at 4°C. Four-hundred microliters of blood were washed three times in PBS and resuspended in 32 ml hypotonic lysis buffer (3.5 mM K 2SO4 and 10 mM HEPES/ KOH pH 7.2) for 40 min on ice followed by resealing for 1 h in resealing buffer (50 mM K2SO4 and 10 mM HEPES/KOH pH 7.2, and 1 mM MgSO4) containing either 0.15 mM pyranine (1-hydroxypyrene-3,6,8-trisulfonic acid; Sigma-Aldrich), a fluorescent pH-sensitive dye, or 8 mM 6-CF (6-carboxyfluorescein; Sigma-Aldrich) to measure the fluorescence self quenching. After three washes in the incubation buffer (50 mM K 2SO4 and 10 mM HEPES/KOH pH 7.2), ghosts were kept on ice before assay in the same buffer. For NH3 efflux assay, resealing and incubation buffers contained 10 mM (NH4)2SO4. Ghost diameter measurements were performed using an Axio Observer Z1 microscope (equipped with an AxioCam MRm camera). Ghost volume sizes from control and OHSt patients were also compared using a quantitative flow cytometry analysis of ghosts resealed in presence FITC-Dextran (molecular weight of 70,000 from Sigma-Aldrich) as described by Doberstein et al. (15) .
Western blot analysis. Membrane proteins from whole ghost lysates were separated on SDS-PAGE (10% acrylamide) in reducing conditions (2.8 mM ␤-mercaptoethanol) and transferred to nitrocellulose filters and incubated with the relevant primary antibodies. Following washes, the filters were incubated with appropriate secondary antibody (anti-rabbit or anti-mouse IgG). Immunoblots were visualized using ECL Plus Western blotting detection reagents (Amersham, Buckinghamshire, United Kingdom).
Stopped-flow assays. Stopped-flow experiments were performed at 15°C, as previously described using the stopped-flow instrument (SFM400; Bio-logic, Grenoble, France). Excitation was at 465 nm, and emitted light was filtered with a 520 nm cut-off filter. For NH 3 transport analysis, outwardly and inwardly directed gradients of ammonium were 10 meq. For efflux studies, this condition was performed by mixing, in the instrument, equal volume of 50 mM K 2SO4 and 10 mM HEPES/KOH pH 7.2 and ghosts were resealed in presence of 10 mM (NH 4)2SO4. Then, for influx studies, this condition was performed by mixing equal volume of ghosts resealed in 50 mM K 2SO4 and 10 mM HEPES/KOH pH 7.2 and a buffer containing ammonium, 40 mM K2SO4, 10 mM (NH4)2SO4, and 10 mM HEPES/ KOH pH 7.2. Data from six to eight time courses were averaged and fitted to monoexponential function using the simplex procedure of the Biokine software (Bio-logic). In these conditions, NH3 crossing the membrane titrates a proton, forming NH4 ϩ and increasing ghost pHi. The exponential constants obtained from the analysis of different ghosts and corresponding to alkalinization rate constants k can be compared provided that ghost volumes and buffer capacities are similar. Ghost pHi was determined from the linear correlation between the relative fluorescence and pH, the buffer capacity of the system (26 mM/pH unit) being measured with acetate.
For water transport, two different methods based on stopped-flow analysis were used with an osmotic gradient of 150 mosm/kgH2O mannitol. With the use of the light-scattering method (20°C), time courses of the 90°scattered-light intensity (exc of 530 nm) changes of red cells were measured to follow the osmotic shrinking of cells. with the use of the fluorescence-quenching method (15°C), times courses of the fluorescence intensity (exc 530 nm) changes of ghosts resealed in presence of the 6-CF probe were registered. In both cases, data from six to eight time courses were averaged and fitted to monoexponential function using the simplex procedure of the Biokine software (Bio-logic). The apparent osmotic water permeability P'f was determined as previously described (46) .
, where kexp is the exponential rate constant, V0/SA is the ratio of osmotic volume to surface area of the ghosts, is the reflection coefficient (Sigma) which value is 1 for mannitol, b is the osmotically inactive volume component, the value of which is close to 0 for resealed ghosts, Vw is the molar volume of water (18 cm 3 /mol), and Cout is the concentration of total solute outside the ghosts.
RESULTS
Comparison of stomatin and Rh/band 3 macrocomplex from control, Rh null , OHSt, and stomatin-deficient cryohydrocytosis erythrocytes. Stomatin expression in red cells of OHSt patient was analyzed ( Fig. 2A) by immunoblot, and its expression level could be monitored using p55 as control on the same blot. This immunoblot revealed a severe reduction in OHSt2 and a total absence in OHSt1, OHSt3, and OHSt4, which is in agreement with the weak but variable expression level of stomatin in OHSt (18) . The expression of the Rh/band 3 macrocomplex described in mature red cells (8) was tested by flow cytometry. The presence of band 3, the erythroid anion exchanger AE1 that carries the blood group antigen Diego, was detected by human monoclonal anti-Diego antibodies. All samples studied exhibited the most common Di(aϪ, bϩ) phenotype. Most interestingly, this study showed no significant difference in the expression level of band 3 among controls [mean of fluorescence intensity (MFI): 108,668 Ϯ 5,683; n ϭ 3], Rh null (MFI: 96,512 Ϯ 1,142; n ϭ 2), and OHSt (MFI: 110,048 Ϯ 9,997; n ϭ 4). As expected, GPA, a chaperone for band 3, is expressed at similar levels in controls, Rh null , and OHSt. The number of molecules per cell for the main members of the Rh complex (RhAG, Rh, CD47, and LW) was assessed by flow cytometry using Qifikit calibration beads (Figs. 2B and 3B, bottom). No significant difference was observed between control and OHSt red cells, while, as expected, Rh complex proteins were totally absent in red cells from both Rh null of the regulator type, defined by a defect in the RHAG gene (14) . RhAG site number was determined in eight individuals: three controls with normal RhAG, four OHSt patients with Phe65Ser mutated RhAG, and the stomatin-deficient cryohydrocytosis patient exhibiting no mutation of RhAG, as previously reported (7) (Fig. 3B, top) , showing very similar membrane expression of RhAG (71.62 to 87.14 ϫ 10 3 site number). The qualitative expression of RhAG was analyzed by immunoblot using the mouse monoclonal antibody LA18.18 on the same blot as that previously incubated with anti stomatin (Fig. 3A) . The result revealed a glycosylated form of RhAG (45-60 kDa) with no A: red blood cell (RBC) membranes were prepared as described previously (39) , separated on 10% SDS-PAGE gels, and immunoblotted with anti-stomatin (described in Table 1 Decreased NH 3 fluxes through OHSt ghost membranes. To test the impact of the Phe65Ser mutation on the ammonia permeability of OHSt red cell membranes, ghosts prepared from control, Rh null , and OHSt red cells were resealed in presence of pyranine, a fluorescent pH-sensitive dye, and submitted to an ammonium gradient in the spectrofluorometer at 15°C. In the present study, a 10-meq inwardly directed ammonium gradient was applied to the ghosts. In these conditions, the capture of a proton by the NH 3 , which crosses the ghost membranes results in an alkalinization of the intracellular compartment, as observed in Fig. 4A , left. In this Fig. 4 , three averaged time courses of fluorescence changes obtained for three individuals of different phenotypes have been shown superimposed to compare the respective kinetics. A clear difference could be observed among control ghosts (with normal RhAG), Rh null ghosts (containing no RhAG), and OHSt ghosts (exhibiting the Phe65Ser mutation in RhAG). In Fig.  4A , right, the same ghosts were submitted to a 10-meq outwardly directed ammonium gradient, resulting in an intracellular acidification caused by NH 3 efflux, and the subsequent NH 4 ϩ dissociation. Once again, a clear difference among control, Rh null , and OHSt was evidenced. In both conditions (NH 3 influx and NH 3 efflux), the kinetics of pH i changes are more rapid with control, slower with Rh null , and intermediate with OHSt ghosts. (45-60 kDa) . B: quantitative analysis by flow cytometry. with the use of LA18.18 mouse monoclonal antibody, the site numbers or SABC could be estimated using the Qifikit calibration beads (50) . Experiments were carried out with the red cells of 3 controls (white), 2 Rhnull (black), 4 OHSt (grey), and 1 stomatin-deficient cryohydrocytosis [7.2(-)CHC] (hatched) patients, and Ն3 quantifications for each patient were averaged (ϮSE; top). From these data, the mean of the RhAG site number for 4 controls (white bars), 2 Rhnull (black bars), and 4 OHSt (grey bars) are reported (ϮSE; bottom). Fig. 4B ). Their comparison using a one-way ANOVA analysis followed by the Newman-Keuls multiple comparison test from GraphPad Prism software revealed statistical significance (control/Rh null , control/OHSt, and Rh null /OHSt: P Ͻ 0.001). Interestingly, the alkalinization rate constant (2.57 s Ϫ1 ) obtained with the ghosts from the stomatin-deficient cryohydrocytosis patient exhibiting no mutation of RhAG is very similar to the mean of the rate constants determined from controls (2.82 Ϯ 0.23 s Ϫ1 ; Fig. 4B ). Since ghosts are crenated (echinocytic) spheres in isotonic solution (26) , the ghost diameters can be estimated by light microscopy ( AQP1 expression in control, OHSt, Rh null , and stomatin deficient cryohydrocytosis ghosts. Immunoblot analysis using a rabbit polyclonal anti-AQP1 antibody (Fig. 6A ) revealed two bands, corresponding to unglycosylated and glycosylated forms of the major red cell water channel AQP1, in all samples except in the AQP null patient (also known as the blood group antigen Colton null patient). Expression level of AQP1 was monitored using the detection of p55 (as control) on the same blot and by the determination of a ratio between quantitative densitometric scanning of the signals corresponding to AQP1 and p55 (not shown). No significant difference of unglycosylated AQP1 expression levels in controls, Rh null , OSHt, and stomatin-deficient cryohydrocytosis red cells was found.
Comparison of alkalinization rate constants in control,
Comparison of osmotic water permeability from control, Rh null , OHSt, and AQP1 null ghosts. In the present study, the osmotic water permeability was studied by stopped-flow analysis following the fluorescence quenching of the 6-CF probe and the light-scattering method. For the fluorescence-quenching experiments, ghosts were prepared from control, Rh null , OHSt, and AQP1 null red cells. Figure 6B , left, represents four averaged time courses of fluorescence changes obtained for four different individuals. A clear difference was observed between AQP1 null ghosts exhibiting no expression of AQP1 and the other ghosts expressing similar levels of AQP1 and derived from control, Rh null and OHSt individuals. Rate constants of fluorescence variations (k, s Ϫ1 ) were deduced from fitted time courses of fluorescence, using the simplex procedure of the Biokine software. Means were calculated from the rate constants obtained with four controls (2.26 Ϯ 0.54 s Ϫ1 ), two Rh null (2.35 Ϯ 0.14 s Ϫ1 ), and four OHSt (2.25 Ϯ 0.54 s Ϫ1 ), and no significant differences were observed (Fig. 6C, left) . The rate constant obtained with the AQP1 null patient was dramatically lower (0.16 s Ϫ1 ). With the use of data on the ghost size (Fig. 5) and following the equation mentioned in MATERI-ALS AND METHODs, the water permeability Pf was determined for ghost membranes of control (0.028 Ϯ 0.006 cm/s), Rh null (0.029 Ϯ 0.000 cm/s), OHSt (0.028 Ϯ 0.007 cm/s), and AQP1 null (0.002 cm/s). With the use of the light-scattering method, a clear difference between time courses of the 90°s cattered-light intensity changes of AQP1 null red cells and cells from control, Rh null and OHSt individuals. Furthermore, rate constants of fluorescence variations (k, s Ϫ1 ) deduced from fitted time courses of 90°scattered-light intensity, using the simplex procedure of the Biokine software revealed significant differences among controls, Rh null , and OHSt (controls vs OHSt: P Ͻ 0.01; controls vs. Rh null : P Ͻ 0.01; and OHSt vs Rh null : P Ͻ 0.001; Fig. 6C, right) .
DISCUSSION
Several mutations in RhAG, a critical member of the Rh complex, have been identified and were shown to be associated with Rh null and OHSt phenotypes (10, 13) . The present study provides new insights into the functional impact of the Phe65Ser mutation in RhAG, recently described in OHSt patients (10) .
Different impact of RhAG mutations on the Rh complex expression in Rh null and OHSt. In the Rh null phenotype, mutations in RhAG have a dramatic consequence on its red cell membrane expression level, resulting in a total absence of the glycoprotein (in the regulator type) or in a decrease of 90% (in the mod type). These mutations in RhAG are also known to result in the absence or severe reduction of the Rh (D/CE) proteins and other members of the Rh complex, such as CD47 and LW (13) , as observed in the present study, which included two Rh null patients of the regulator type. In contrast, the determination of the RhAG site number at the membrane of OHSt red cells carrying the Phe65Ser mutation in RhAG revealed a similar expression level of RhAG as in controls and OHSt patients. The expression of the other members of the complex was also found unaltered in OHSt red cells. Furthermore, while a normal or slightly decreased expression of stomatin in Rh null patients was detected here and as previously reported (2), a strong decrease in, or the absence of, stomatin was confirmed in OHSt patients (10, 36) . This clearly demonstrates that missense mutations in RhAG can result in very different phenotypes (Rh null and OHSt), varying not only in their expression pattern of red cell proteins, but also in the red cell morphology: stomato-spherocytes in Rh null and stomatocytes in OHSt. In Rh null red cells of the mod type, all the expressed RhAG proteins carry the missense mutations, as the defect is inherited in an autosomal recessive mode. In contrast, because the Phe65Ser in OHSt patients is inherited in an autosomal dominant manner, OHSt red cells should express the two types of RhAG (mutated and not mutated forms), most likely in an equal ratio. As the total number of RhAG proteins expressed at the membrane of red cells is not affected in OHSt patients, it may be speculated that, in the trimeric complex of Rh proteins, the structure of which was determined by modeling (12) from data on AmtB and NeRh50 crystal structures (25, 30) , different combinations of mutated RhAG, wild-type RhAG, and RhD/CE should be represented. It was thus particularly important to understand to what extent the Phe65Ser mutation, which is probably present in half of the expressed RhAG proteins in the red cells of OHSt patients, may have an impact on the RhAG function in such heterotrimeric structures.
Impact of mutations in RhAG on NH 3 transport in Rh null and OHSt. In a previous functional study, RhAG-mediated transport of NH 3 in Rh null and control ghosts was analyzed by stopped-flow (44) . As the transport of NH 3 was directly correlated to the glycoprotein membrane expression level, this ) corresponding to the water osmotic variations (histograms at left) and to the light-scattering variations (histograms on the right) for 4 controls (white bars), 2 Rhnull (black bars), 4 OHSt (grey bars), and 1 AQP1null (crosshatched bars) were reported (ϮSE). Differences among controls, Rhnull, and OHSt were not significant (ns) using fluorescence quenching while the difference between controls and OHSt was significant (controls vs OHSt: P Ͻ 0.01; controls vs Rhnull: P Ͻ 0.01; OHSt vs Rhnull: P Ͻ 0.001) using the light-scattering method. study showed the role of RhAG (but not RhD/CE) in ammonium transport across the red cell membranes. What was also particularly interesting in this study was the observation that the Asp399Tyr mutation in RhAG, carried by red cells from a patient of the mod type, had no impact on RhAG function but only on RhAG expression level, most probably through an impaired interaction with ankyrin R (41) .
Here, we have tested NH 3 transport across ghost membranes from four OHSt patients exhibiting the Phe65Ser mutation in RhAG. This study was carried out from a preparation of ghosts, which was the necessary condition to be able to compare rate constants of alkalization or acidification in various RBCs. Indeed, as shown by the measurement of water permeability in red cells and in ghosts, different permeabilities were observed in RBCs due to different sizes of the cells and probably different cation concentrations (not the same refractive indexes), which cannot be easily determined. In contrast, ghost volume can be easily compared, since the radius value r of spheric ghosts can be measured. The diameters of ghosts assessed by light microscopy showed no difference between all tested samples. Compared with previously determined diameter values (4.95 Ϯ 0.20 for controls and 5.07 Ϯ 0.38 m for Rh null ; Ref. 44) , we assumed that all the diameter values determined in this study were slightly overestimated, probably because of the echinocytic morphology of the ghosts, dependent on the osmotic conditions (26) . Nevertheless, from results based on the determination of the mean of fluorescence intensity by flow cytometry of ghosts resealed with FITC-Dextran (15), the ghost volumes of OHSt and controls can be considered similar (Fig. 5B) . Thus the alkalinization rate constants k can be compared among controls, OHSt, and Rh null ghosts. These values, deduced from stopped-flow experiments, corresponded to an intermediate value for OHSt samples compared with that of controls and Rh null . Since the Rh null patients analyzed in this study were of the regulator type (without any expression of RhAG), NH 3 permeability across their ghost membranes was considered to equal the passive diffusion through the lipid bilayer or as a putative transport through other proteins. Consequently, after the subtraction of the k value from that obtained with controls and taking into account the estimation of RhAG copy number, the permeability through RhAG was normalized. As regards the OHSt patients, we found that the NH 3 transport through OHSt ghost membranes was decreased by 57% compared with that of controls. Taking into account the constant value in OHSt, the expressed RhAG proteins in OHSt would be expected to be two fold less than in controls. However, because the density of RhAG in red cell of OHSt patients was similar to that of controls, and because half of the expressed RhAG proteins probably correspond to the mutated form (as discussed above), this decrease of ϳ50% of the NH 3 permeability suggests that the mutated RhAG monomer is not functional. This result seems to be in agreement with the presence of various combinations of trimers (12, 21) . Indeed, trimeric structures of the Rh complex might be composed of both types of RhAG monomers, still functional wild-type RhAG and functionally impaired mutated forms of RhAG. However, although the Phe65Ser mutation, which is located in the pore of the NH 3 channel, seems to have a functional impact only on the mutated monomer, an allosteric effect on the trimer cannot be totally excluded. Such an allosteric regulation of the ammonium transport function, involving the phosphorylation of a threonine residue located at the C terminus of the monomers, has been described for ammonium transporter 1 trimers from plants (29) . Further functional analysis of the NH 3 transport, through RhAG mutants expressed in recombinant cells or reconstituted into liposomes after purification, will help address this issue.
Stomatin deficiency and NH 3 transport. The red cells of the OHSt patients are also characterized by a dramatic decrease in the raft protein stomatin. The role of stomatin as a molecular switch that, when expressed, converts the glucose transporter (Glut1) into a transporter of the oxidized form of ascorbic acid has been described previously (36) . The link between a mutation in RhAG, which is not contained in rafts (42) , and the absence of stomatin is not yet defined. A further study of the role of RhAG during erythroid differentiation may help understand its impact on stomatin deficiency in mature red cells. However, stomatin is also absent in stomatin-deficient cryohydrocytosis [7.2(-)CHC], which spares RhAG (7). In the patient studied here, this cryohydrocytosis stems from a mutation in GLUT1 (17) . In this stomatin-deficient patient, exhibiting no mutation of RhAG, we found an NH 3 transport that is similar to that in controls. As RhAG expression level and the ghost size in this patient did not differ from that of controls, these results strongly suggest that, in contrast to the Phe65Ser mutation in RhAG, the absence of stomatin in OHSt has no impact on the NH 3 transport of ghost membranes. Therefore, in contrast to the stomatin-regulated function of Glut1 (36) , the activity of the ammonium channel RhAG in red cells does not depend on the presence of stomatin.
Phe65Ser mutation in RhAG and cation leak in OHSt. RhAG with the Phe65Ser mutation was shown to induce a cation flux through the widened pore when expressed in Xenopus laevis oocytes (10) . Similarly, mutated forms of band 3 (the chloride bicarbonate exchanger AE1) identified in cryohydrocytosis (CHC) with present stomatin (11) were also shown to convert AE1 into a cation channel (23) . However, it has also been described that expression of trout anion exchanger 1 in Xenopus oocytes led to the stimulation of Na ϩ and Cl Ϫ influx, most likely mediated by endogenous Na-K-2Cl (NKCC) cotransporter (22) . Moreover, recent results on CHC red cells suggested that cross-talk between the mutated band 3 and other transporters (KCC and KNHE) might also increase the cation permeability in cryohydrocytosis (6) . Further elucidation of such effects, in addition to the role of functional cross-talk between the altered RhAG and various cation transporters, could contribute to understanding the mechanism of abnormally high cation permeability in RBCs of OHSt patients. In addition to the modification of the substrate specificity by widening the channel and/or cross-talk with transporters, the decreased NH 3 transport in OHSt, as shown here, indicates that the alteration of the initial function of the channel may also generate differences in transient kinetics of pH i variations. To date, there is no evidence that a transient change in pH can induce a persistent change in cation permeability in OHSt or normal cells. Further work using molecular dynamics simulation studies of NH 3 transport through the RhAG carrying the Phe65Ser mutation, together with site-directed mutagenesis and stopped-flow analysis, will aim at the mechanism by which the function is impaired by a reduction of hydrophobic features in the pore of RhAG in the red cells from OHSt patients. 
